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Productive, spreading infection of peripheral blood lymphocytes (PBL) with human immunodeficiency virus
type 1 (HIV-1) requires the viral protein Vif. To study the requirement for vif in this system, we infected PBL
with a phenotypically complemented HIV-1 clone mutated in vif. Progeny virus was produced which was
noninfectious in PBL but replicated in SupT1 cells. Analysis of metabolically labeled proteins of sedimentable
extracellular particles made in PBL by radioimmunoprecipitation with either serum from a patient with AIDS
or a monoclonal antibody reactive with HIV-1 Gag proteins revealed that vif-negative but not wild-type
particles carry higher levels of p55, p41, and p38 Gag-specific proteins compared with those of p24. Similar
results were obtained with sucrose-purified virions. Our data indicate that vif plays a role in Gag protein
processing or in incorporation of processed Gag products into mature virions. The presence of unprocessed
precursor Gag polyprotein (Pr555“¢) and other Gag processing intermediates in PBL-derived vif-negative
extracellular particles may contribute to the reduced infectivity of this virus.

The Vif protein of human immunodeficiency virus type 1
(HIV-1) determines HIV-1 infectivity as a function of the cell
type producing the virus (7, 8, 24, 29, 33). Many cultured T-cell
lines permit infection by vif-negative HIV-1 (7, 8, 15, 24, 28, 29,
33), but peripheral blood lymphocytes (PBL) are considered
nonpermissive to this virus (3, 8, 19, 33). Research indicates
that Vif acts late in the virus life cycle (3, 4, 23, 33) and that in
nonpermissive cells, Vif may modify progeny virions to in-
crease their infectivity (7, 8, 28, 29, 33). The nature of these
modifications is unknown. Sakai et al. reported that HIV-1
particles produced in the absence of vif have reduced levels of
gp120, suggesting that vif may affect the insertion of viral gly-
coproteins into viral envelopes (24). Others detected no dif-
ferences between HIV-1 proteins produced during infection of
various cell lines in the presence or absence of functional vif (2,
7, 8, 33). A recent study by electron microscopy revealed that
cores of mature vif-mutant virions made in CEM and Jurkat
cell lines, which are semipermissive to replication of vif-nega-
tive virus (8), have a nonhomogeneous morphology compared
with wild-type virus, and the authors suggested that Vif has a
role during packing of the viral nucleoprotein core (10). The
presence of a vif-related nucleocapsid defect can also be in-
ferred from studies which showed that in target cells that
require vif for virus replication, vif-negative HIV-1 can fuse
with and enter cells (16, 33) but fails to synthesize viral DNA
efficiently (27, 33).

The aim of the present work was to explore the possibility
that viral particles made in nonpermissive cells in the absence
of vif have aberrant gag gene products, in correlation with
other structural (10) and functional (28, 33) defects. We have
chosen for these studies virions produced in PBL because, in
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contrast to many transformed cell lines, primary lymphocytes
seem to have minimal endogenous vif-complementing activity
(3, 8, 19, 33). To produce vif-negative progeny HIV-1 in PBL,
we took advantage of the finding that vif mutants passaged in
certain transformed cells are phenotypically complemented;
that is, they replicate like wild-type viruses during the first cycle
of infection in nonpermissive cells (8, 28). Infected cells were
metabolically labeled with a mixture of [*>S]methionine and
[**S]cysteine, and the newly synthesized proteins present in
sedimentable extracellular particles collected from culture su-
pernatants were analyzed by immunoprecipitation and sodium
dodecyl sulfate (SDS)-gel electrophoresis as previously de-
scribed (25). The vif-negative mutant used in the present stud-
ies was constructed on the background of the infectious mo-
lecular clone NL4-3, which carries a full complement of
functional viral genes (1). Briefly, the 621-bp Ndel-EcoRI frag-
ment of NL4-3 vif was replaced with the corresponding 586-bp
fragment of N1T-E vif, yielding the NL4-3AVif clone, which
contains a 35-bp deletion in vif that is responsible for the
vif-negative phenotype of N1T-E (23). This clone is called AVif
in the text. The wild-type (WT) control clone was constructed
from NL4-3 similarly but with the corresponding 621-bp Ndel-
EcoRI vif fragment from N1T-A, a coisolate of N1T-E which
has an intact vif gene (23). The AVif and WT clones are
isogenic except for their respective Ndel-EcoRI fragments in
vif. The functionality of the new constructs was tested, as pre-
viously described (17), in transient-expression assays following
transfection of viral DNA into rhabdomyosarcoma (RD) cells.
Both WT and AVif produced 200 to 300 ng of viral p24 antigen
per ml 3 days after transfection (data not shown). The RD
cell-derived viruses were standardized by their p24 content and
tested for infectivity in PBL and SupT1 cells (27), the latter
being known to partially complement the vif defect (33) (Fig.
1). Cells were infected with virus at 1 pg of p24 per cell, which
in our hands is equivalent to a multiplicity of infection of 1 for
WT viruses (17). For this and subsequent experiments, PBL
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FIG. 1. Infection of SupT1 cells (A) and PBL (B) by AVif HIV-1. AVif and
WT viruses were produced by DNA transfection into RD cells; supernatants
were standardized by their p24 content and used to infect PBL and SupT1 cells
at 1 pg of p24 per cell as described in the text.

were isolated from heparinized venous blood of HIV-1-nega-
tive volunteers by density gradient centrifugation with Ficoll-
Hypaque and were stimulated and cultured in RPMI 1640
medium supplemented with fetal bovine serum, antibiotics,
and interleukin-2. SupT1 cells were cultured as above without
interleukin-2.

As shown in Fig. 1, the WT and AVif viruses made in RD
cells were highly productive in SupT1 cells, although the peak
of production of the vif mutant was shifted by 1 week, reflecting
the time needed to generate phenotypically complemented
virions from the original inoculum (7, 16, 31). In contrast, and
consistent with other reports (3, 8, 19, 33), no significant p24
levels were found in culture supernatants of PBL infected with
AVif. These results show that our WT and AVif mutant viral
clones display infection phenotypes typical for these viruses (2,
8, 33).

In two subsequent infections of PBL, we used AVif or WT
viral stocks prepared and subjected to titer determination in
SupT1 cells. To maximize AVif virus protein production during
single-cycle infection in PBL, the virus was used at a multiplic-
ity of infection of 2, or 2 pg of p24 per cell. No significant
cytolysis was observed. WT virus was used at a multiplicity of
infection of 1. Infected cells were metabolically labeled with
[**S]methionine and [**S]cysteine for 30 h (42 to 72 h after
infection), and culture supernatants were collected on day 3
and subjected to centrifugation at 200,000 X g for 4 h to pellet
supernatant virus particles. The pellets obtained from 3.5 X
106 cells in each system were lysed and subjected to immuno-
precipitation with a serum sample from a patient with AIDS
followed by electrophoresis through an SDS-10% polyacryl-
amide gel and autoradiography as previously described (25).
The analysis of labeled HIV-1 proteins present in pelletable
particles released by PBL in a representative experiment is
shown in Fig. 2. As the autoradiogram shows, similar major
proteins were precipitated from AVif and WT virion lysates
with the serum sample; they include the 17-, 24-, and 55-kDa
bands, which probably represent viral Gag p17, p24, and Gag
precursor p55 polyproteins, respectively (9, 18, 35). A protein
migrating with an apparent molecular mass of 120 kDa (prob-
ably gp120) was seen upon long exposure of the autoradiogram
(data not shown). This result is consistent with previous anal-
yses of vif mutant and WT viral proteins produced in trans-
formed cells (2, 8, 33). However, the respective ratios of 55- to
24-kDa proteins in WT and AVif particles produced in PBL
were reversed; the 55-kDa band significantly predominated
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FIG. 2. Viral proteins in sedimentable viral particles collected from PBL
infected with AVif or WT as determined by radioimmunoprecipitation with a
serum sample from a patient with AIDS. See the text for details.

over the 24-kDa band in AVif particles but was only a minor
component in WT virions (Fig. 2). This finding was reproduced
in three experiments with PBL from different donors and dif-
ferent stocks of AVif and WT viruses, and it indicated that
AVif virus made in PBL had a different protein composition
from WT virions produced under the same conditions.

We next sought to confirm that the predominant 55-kDa
band seen in the AVif lane in Fig. 2 is a Gag-related protein,
probably the 55-kDa Gag precursor polyprotein. In the normal
process of HIV-1 virion production and maturation, the core
(Gag) structural proteins are initially synthesized as two
polyprotein precursors, Pr55%“6, encoded by the gag gene, and
Pr160%¢7°!, encoded by a combined gag-pol reading frame
created by a ribosomal frameshift (11, 18, 31). Near the time of
virion budding, Pr55%“¢ is cleaved by the viral protease into p17
(matrix), p24 (core), p9 (nucleocapsid), and p6; the cleavage of
Pr1605°7° yields p24, p17, and truncated p9 (9, 11, 20, 31, 34),
in addition to pol gene products. Thus, mature virions are not
likely to contain significant amounts of precursor Gag proteins.
We infected PBL with AVif and WT viruses essentially as
described above and analyzed viral proteins in extracellular
pelleted particles by immunoprecipitation with monoclonal
SIV-AG3.0 antibody to SIV,,,, Gag proteins. This antibody
cross-reacts with HIV-1 p24, precursor proteins Pr55%“¢ and
Pr160%¢7°!, and the intermediate Gag precursor-processing
products, such as p38 (3a). In this experiment, we compared
Gag virion proteins detected with the AG3.0 antibody in pel-
leted particles after infected cells had been labeled for either
30 h (42 to 72 h postinfection) or 8 h (64 to 72 h postinfection);
supernatants from 3.5 X 10° cells were collected for analysis 3
days after infection in each case. The results are shown in Fig.
3. The pattern of Gag-specific proteins produced under the
30-h labeling conditions confirmed the result obtained with
serum from a patient with AIDS (Fig. 2), namely, that pelleted
AVif particles contained a large excess of a 55-kDa protein
over p24 while WT particles produced under the same condi-
tions carried predominantly p24 and almost no p55 (30-h panel
in Fig. 3). Since the SIV-AG3.0 antibody recognizes specifi-
cally viral Gag proteins, the 55-kDa component is most prob-
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FIG. 3. Viral Gag-related proteins in pelleted viral particles collected from
PBL infected with AVif or WT viruses as determined by radioimmunoprecipi-
tation with a monoclonal anti-Gag antibody.

ably an unprocessed 55-kDa Gag precursor polyprotein
(Pr55%%¢) of HIV-1 present in pelleted AVif particles. The low
levels of the 55-kDa protein in WT virions are consistent with
the notion that under normal conditions much of the proteo-
lytic processing of Gag precursor proteins occurs prior to or
during budding (9, 11, 20, 21, 31, 34); as a consequence, se-
creted virions carry predominantly processed Gag products.
The 30-h labeling conditions also revealed several major Gag-
related proteins in AVif particles which were of intermediate
molecular sizes between pS5 and p24, notably, p41 and p38.
They probably represent the Gag polyprotein-processing inter-
mediates often seen in virus-like particles generated by gag or
gag-pol expression vectors (6, 14, 15, 25, 30, 34) or in pelletable
virions produced in the presence of an HIV-1 protease inhib-
itor (13). The protein with an approximate molecular mass of
41 kDa was most prominent in the gel shown in Fig. 3, but the
ratio among the different Gag intermediates precipitated by
the AG3.0 antibody from AVif particles differed from experi-
ment to experiment (cf Fig. 4 [below]). The extracellular AVif
particles labeled for the last 8 h of incubation contained Gag-
specific Pr55%“¢ and p24 proteins but no detectable processing
intermediates (8-h label in Fig. 3). As in the 30-h labeling, p55
predominated over p24 in AVif particles while WT virions
tested in parallel contained p24 only. This result indicates that
Pr55%*¢ is a major Gag component of extracellular pelletable
AVif particles toward the end of the predicted single-cycle
infection. The reasons for the absence of other atypical Gag-
related products during this period of infection are unclear. No
proteins were detected in immunoprecipitates of AVif virions
prepared in parallel with mouse immunoglobulin G as a con-
trol (lane C in Fig. 3). These results show that sedimentable
AVif but not WT particles produced in PBL contain high levels
of unprocessed Pr55%7%, as well as several smaller Gag-specific
proteins not normally found in extracellular WT HIV-1.

To test the reproducibility of the vif-specific defect of Gag-
related proteins in AVif made in PBL, we infected cells from
three different donors with AVif and WT viruses, metabolically
labeled cells for 30 h, and analyzed newly synthesized proteins
in pelleted extracellular particles by using the SIV-AG3.0 an-
tibody 3 days after infection as described above (Fig. 4). In this
analysis PBL-derived samples were standardized by their con-
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FIG. 4. Viral proteins in pelleted viral particles obtained from PBL or SupT1
cells infected with AVif or WT as determined by radioimmunoprecipitation with
a monoclonal anti-Gag antibody.

tent of radioactive p24 on a gel, resulting in high backgrounds
in AVif lanes. We also compared the Gag-related proteins in
AVif and WT made in semipermissive SupT1 cells (33), which
were labeled and analyzed similarly to PBL-made viruses
(SupT1 panel in Fig. 4). As shown in Fig. 4, all three PBL
infections yielded sedimentable AVif particles which contained
high levels of Pr55%“ and variable amounts of atypical Gag-
related proteins. In this experiment, the p55 protein was a
predominant atypical Gag-specific component in AVif particles
in all three cultures. vif-negative particles obtained from donor
1 cells also contained a clearly detectable protein of approxi-
mately 160 kDa, which may represent Pr160s“*°' (Fig. 4).
Only p24 was seen in WT virions produced and labeled under
the same conditions. In contrast to PBL-derived AVif, mutant
virus produced by SupT1 cells infected with the same viral
stock and analyzed in parallel contained little or no unproc-
essed Pr55%“¢, resembling in this respect WT virions produced
in PBL and SupT1 (Fig. 4). We conclude that a defect resulting
in the presence of large amounts of unprocessed Pr55%“ in
extracellular virions is specific for PBL infected with AVif
HIV-1. The absence of Pr55%“¢ in extracellular AVif particles
released by SupT1 cells (Fig. 4) may be related to vif comple-
menting activity in these cells (8, 33).

To determine whether the precursor Gag polyproteins and
atypical Gag-processing intermediates produced by AVif HIV-
1-infected PBL are present in virus-like particles rather than in
sedimentable particulate matter, PBL were infected and met-
abolically labeled as described above and virions in cell-free
culture supernatants were pelleted through a 15% sucrose
cushion at 200,000 X g for 16 h. For this experiment, AVif and
WT viruses were produced in poorly permissive MT-2 cells
(28); both viruses were used at 1 pg of p24 per cell. HIV-1
virions produced in chronically infected CR10/N1T cells (5)
incubated with 1 pM HIV-1 protease inhibitor Ro 31-8959
(22) for 24 h, metabolically labeled, and pelleted through a
sucrose cushion as described above served as control viral
particles known to contain unprocessed Pr555% (22). All three
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FIG. 5. Viral proteins in sucrose cushion-purified viral particles obtained
from PBL infected with WT or AVif viruses (WT and AVif lanes, respectively) or
from chronically infected CR10/N1T cells cultured with 1 pM Ro 31-8959 (N1T
lane) as determined by radioimmunoprecipitation with a monoclonal anti-Gag
antibody.

purified virion preparations were analyzed by immunoprecipi-
tation with the AG3.0 antibody followed by SDS-polyacryl-
amide gel electrophoresis as described above; the results are
shown in Fig. 5. As expected (13, 22), virions produced in the
presence of the HIV-1 protease inhibitor contained predomi-
nantly Pr55%¢, a small amount of Pr1605¢7°, and no pro-
cessed Gag products (N1T lane in Fig. 5), while WT virions
produced in PBL contained predominantly p24 and no detect-
able Gag precursor polyproteins (WT lane in Fig. 5). Sucrose
cushion-purified AVif produced in PBL contained Pr55%“¢ and
several atypical Gag-specific proteins, notably p41 and p38, but
no detectable p24 (AVif lane in Fig. 5). These data are con-
sistent with the analyses of unpurified progeny HIV-1 shown in
Fig. 3 and 4, and they indicate that PBL infected with AVif
HIV-1 produced bona fide viral particles which carry unproc-
essed Gag proteins and Gag-processing intermediates.

To test the correlation between the observed Gag protein
patterns and progeny virus infectivity, infected PBL from the
experiment whose results are shown in Fig. 3 were cocultivated
with uninfected PBL or SupT1 cells 3 days after infection
(Table 1). PBL-derived AVif replicated, with a delay, in SupT1

TABLE 1. Infectivity of PBL-derived AVif virus in
PBL and SupT1 cells*

Amt of HIV-1 p24 core antigen (ng/ml) in:

Time after -
infection (days) PBL/WT PBL/AVif
PBL SupT1 PBL SupT1
2 125 94 3 2
4 260 707 3 0.6
8 150 470 0.3 0.3
10 0.3 0.5

¢ WT- or AVif-infected PBL (PBL/WT or PBL/AVif, respectively) from the
experiment shown in Fig. 3 were cocultivated 3 days after infection with unin-
fected PBL or SupT1 cells at a 1:10 ratio and tested for the levels of HIV-1 p24
core antigen in culture supernatants at the indicated times.
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cells but not in PBL; PBL-derived WT virus replicated in both
cell types (Table 1). The results indicate that some AVif par-
ticles produced in PBL are infectious and can spread in SupT1
cells after cell-to-cell transmission and complementation of the
vif defect by SupT1. SupT1 cells appear to complement the vif
defect in AVif virus by allowing complete processing of Pr555¢
prior to virus budding from cells (Fig. 4). Since no such
complementation is evident in PBL and AVif does not spread
in these cells, a causal relationship may exist between the
presence of high levels of Pr55%*¢ in AVif virus made in PBL
and diminished infectivity of this mutant.

Taken together, these results demonstrate that AVif HIV-1
produced in PBL contains high levels of Pr555“¢, resulting in an
abnormally high Pr5558/p24 ratio in these particles compared
with WT virions. In addition, PBL-derived AVif virions contain
different levels of Gag-processing intermediates, notably p41
and p38, which are not normally found in WT virions. We
suggest that Vif may be required in PBL for the production or
assembly of progeny virions which carry only processed Gag
products. It is important to note in this context that the pro-
cessing of Gag and Pol precursor polyproteins in oncogenic
type C retroviruses, which do not carry a vif-like gene, occurs
only after the release of progeny virions from cells (20). HIV-1
Gag precursor polyproteins are processed prior to virion bud-
ding (12, 20). On the basis of the results presented here, this
difference might be attributed to the presence of vif. Other
investigators have suggested that AVif and WT virions made in
poorly permissive CEM cells have similar levels of major viral
structural proteins (33). However, the pelleted particles used
for that analysis were standardized by their p24 antigen con-
tents (33), which, in accordance with the data shown in Fig. 3
here, results in similar p24 protein bands on gels. The investi-
gators did not comment on the presence or absence of unproc-
essed Gag products in the AVif virions produced in CEM cells
(33). Since p24 is present in vif-defective particles made in
peripheral blood mononuclear cells, albeit at lower levels than
in WT virions (Fig. 2 and 3), our data suggest that vif affects the
kinetics or the overall efficiency of Pr55% processing by viral
protease rather than acting as a protease itself. The proteolytic
processing of the HIV-1 Gag-Pol precursor proteins is highly
sequential and regulated (reviewed in reference 19), and, as
recently shown (21), it can be influenced by other viral pro-
teins. Moreover, even partial blocking of HIV-1 protease ac-
tivity with protease inhibitors has been shown to have a signif-
icant effect on progeny virus morphology and infectivity (13). It
should be noted in this context that the pattern of Gag-specific
proteins found in AVif virions produced in PBL (Fig. 5) is
reminiscent of that reported for HIV-1 particles produced
under the conditions of partial inhibition of viral protease (13).
Likewise, in both situations, the progeny virions are signifi-
cantly less infectious than are WT viruses (13) (Table 1).

The finding that Vif may affect processing of the HIV-1 Gag
precursor polyproteins was unexpected. Results of previous
studies with gag-pol or gag expression vectors indicate that Gag
precursor polyproteins can be processed in the absence of
other viral gene products (14, 15, 26, 30, 35). However, those
studies were performed with transformed cell lines which may
have a vif-complementing activity (8, 33), and the results are
not directly comparable to the data obtained here with PBL.
We show here that the effect of Vif is most prominent in PBL,
which are at the bottom of the “cell permissiveness” scale with
respect to the susceptibility to vif-negative HIV-1 infection
(32). The proposed effect of vif on Pr55%% processing is con-
sistent with the recent demonstration of abnormal viral core
morphology and defective viral DNA synthesis of vif-negative
virions (10, 28, 33). The absence of functional vif in PBL may
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also lead to atypical pol gene products in AVif particles, but
this possibility was not tested in the present work. On the basis
of the results shown here, we propose that the presence of
unprocessed Gag polyproteins in progeny virions is responsible
at least in part for the diminished infectivity of PBL-derived
AVif virus.
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